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CarbonAcarbon bond forming reactiona b s t r a c t
Titanium(IV) halides are extensively used in carbonAcarbon bond forming reactions as a Lewis acid and
low valent titanium halides promote reductive coupling reactions of carbonyl compounds. In most of
these reactions, ligands of titanium halides are chloride or bromide. On the other hand, titanium(IV)
tetraiodide had been rarely used in organic synthesis until the late 1990s. Since 2000 several useful syn-
thetic reactions have been developed utilizing a moderate Lewis acidity, reducing and iodination abilities
of titanium(IV) tetraiodide. This digest summarizes examples of chemoselective reductions and iodina-
tions using titanium(IV) tetraiodide (TiI4).
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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Titanium(IV) halides are extensively used in carbonAcarbon
bond forming reactions; for examples, Mukaiyama aldol reactions
of aldehydes with silyl enol ethers, Diels–Alder reactions, and car-
bonyl-ene reactions as a Lewis acid. Low valent titanium halides
promote reductive coupling reactions of carbonyl compounds. In
most of these reactions, ligands of titanium halides are chlorideor bromide.1 Although titanium(IV) tetraiodide had been used for
the production of high purity metal titanium, its use was rare in or-
ganic synthesis. Titanium(IV) tetraiodide has a moderate Lewis
acidity and is used as a promoter and a catalyst in Mannich-type
reactions,2 and 1,4- and 1,2-double nucleophilic addition of ketene
silyl acetals with a,b-unsaturated aldimines.3 On the other hand,
titanium(IV) tetraiodide is different from titanium(IV) chloride or
bromide in many reports and in particular shows reducing and
iodination abilities in some useful organic reactions. Herein, this
digest describes examples of chemoselective reductions and iodi-
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Pinacol coupling reaction
Reactions using reducing ability of iodide anion are well-
known.4 Titanium(IV) tetraiodide is used as a chemoselective
reducing agent; for examples, reduction of sulfoxides to sulﬁdes,5
a-diketones to a-hydroxy ketones,6 and a-imino ketones to a-ami-
no ketones (Scheme 1).7
Titanium(IV) tetraiodide promoted diastereoselective pinacol
coupling reaction of aromatic aldehydes is reported; however,
the reaction of aliphatic aldehydes does not proceed (Scheme 2).8
Nevertheless, the pinacol reaction of b-halogenated a,b-unsatu-
rated aldehydes is promoted by titanium(IV) tetraiodide to give the
coupling products in good yields with high dl-selectivities, and the
subsequent reduction with H2/Pd-C gives saturated vic-diols in
good yields (Scheme 3).9 Although two steps are needed, this pina-
col-coupling/hydrogenation of b-halogenated a,b-unsaturatedScheme 2.
Scheme 3.
Scheme 4.aldehydes can be regarded as the pinacol-coupling reaction of ali-
phatic aldehyde to afford the saturated vic-diol in high dl-selectiv-
ity. It is known that b-halo free enals do not always undergo the
efﬁcient pinacol coupling reaction.
A possible reaction pathway of titanium(IV) tetraiodide pro-
moted pinacol coupling reaction is shown in Scheme 4. An initial
iodination of the carbonyl group of the aldehyde 1 gives the iodin-
ated intermediate 2, which is attacked by the iodide anion from
titanium(IV) tetraiodide to form an anionic species. It has been re-
ported that a similar halogenated intermediate was formed in the
reaction of BCl3 with aromatic aldehydes.10 The species generated
from reductive dehalogenation in turn undergoes addition to an-
other aldehyde to form a pinacol product 3. The formation of iodin-
ated intermediate 2 appears to be easy in the case of aldehydes
with an electron-withdrawing substituent; therefore, the pinacol
coupling reaction proceeds readily with b-halogenated a,b-unsatu-
rated aldehydes.
In 2008, titanium(IV) tetraiodide promoted pinacol coupling
reaction of (Z)-3-iodo-3-trimethylsilylpropenal 4 was used for
the preparation of trans-4,5-bis[(Z)-2-iodo-2-(trimethyl-
silyl)vinyl]-2,2-dimethyl-1,3-dioxolane 5, which was utilized for
the subsequent CAC bond forming reactions (Scheme 5).11
Reformatsky-type reaction
Reformatsky reaction of a-haloesters with carbonyl compounds
in the presence of zinc powder gives b-hydroxy carbonyl com-
pounds and is well-known as one of the most important
carbonAcarbon bond forming reactions. Reformatsky-type reac-
tion promoted by some metal iodides such as AlI3,12 CeI3,13 and
TiCl4/n-Bu4NI14 has been reported. Titanium enolates reductivelyScheme 7.
Scheme 8.
Table 1
Deoxygenation of a-oxygenated ketone derivatives
R1 R2 R3 Yield (%)
4-MeC6H4 H Ac 74
4-MeC6H4 H Bz 74
4-MeC6H4 H Ts 80
Ph Me Ts 85
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with several aldehydes to give aldol products in good yields with
good diastereoselectivities (Scheme 6).15
Titanium tetraiodide promotes an aza-Reformatsky-type reac-
tion of a-iodomethyl ketone O-alkyl oximes with carbonyl com-
pounds to give b-hydroxy ketone O-alkyl oximes in good to high
yields (Scheme 7).16
Aza-Mannich-type reaction proceeds between imines and the
aza-enolates formed from a-iodomethyl ketone O-alkyl oximes
with titanium tetraiodide to give b-amino ketone O-alkyl oximes
in good to excellent yields. Remarkable effects of added silica gel
or molecular sieves (4 Å) are observed to promote the addition
reactions (Scheme 8).17In 2011, it was reported that titanium(IV) tetraiodide could re-
duce a-aetyloxy, benzoyloxy, mesyloxy, and tosyloxy ketones to
produce deoxygenated ketones in good yields (Table 1). Reductive
aldol reactions of a-tosyloxy ketones proceed with several alde-
hydes to afford the aldol products (Scheme 9).18
Reductive aldol and Mannich-type reactions
Reactions utilizing both iodination and reducing abilities are re-
ported. In 2000, it was reported that ring-opening reaction of
methoxyallene oxide, which was prepared from methoxyallene 6
with mCPBA in situ, with titanium(IV) tetraiodide generated the
titanium enolate, and the subsequent reaction with aldehydes or
acetals proceeded to give 3-hydroxy-2-methoxy or 2,3-dialkoxy-
ketones in good yields (Scheme 10).19
The hemiacetal 9 is isolated as a byproduct in the above reac-
tion, suggesting that it would be one of the intermediates. The sub-
sequent reaction of 9 with benzaldehyde under the inﬂuence of
TiI4-Ti(Oi-Pr)4 gives the aldol adduct 7 in high yield with high
selectivity (Scheme 11).
A plausible reaction mechanism is shown in Scheme 12. The
titanium enolate 11 would be formed via ring-opening reaction
of methoxyallene oxide 10 with diiododiisopropoxytitanium de-
rived from titanium(IV) tetraiodide and titanium(IV) tetraisoprop-
oxide and undergoes protonation with 3-chlorobenzoic acid to give
iodo ketone 12. The iodo ketone 12 would be in turn regioselec-
tively transformed into the titanium enolate 13 via reduction of
the iodine with iodide anion, and the subsequent reaction with
aldehyde gives the aldol adduct 7 in a regioselective manner.
Since the development of the above-mentioned reductive aldol




Regioselectivity of the reductive ring-opening reaction of various 2-mono-substituted
azetidin-3-ones
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reductions (Scheme 13).20–22 These reductive carbonAcarbon bond
forming reactions have an advantage of a procedure without isola-
tion of unstable a-iodo carbonyl intermediates.
In 2006, reductive ring-opening of N-tosylaziridines was carried
out with titanium(IV) tetraiodide to form the titanium enolates,
which in turn were subject to the aldol or the Manncich-type reac-
tions with aldehydes or imines to give aldol or Manncich-typeproducts in good yields (Scheme 14).23 However, diastereoselectiv-
ities are moderate and the reaction of 2-acetylaziiridine gives the
aldol product in low yield with low diastereoselectivity.
In 2007, it was reported that aza-aldol reaction of aldehydes
with aza-enolates, which was generated via reductive ring-opening
of 2-(1-benzyloxyiminoethyl)aziridines with titanium(IV) tetraio-
dide, proceeded to give aza-aldol products in good yields with high
diastereoselectivities (Scheme 15).24
a-Amino ketones are one of the most important nitrogen-con-
taining compounds because of their use as versatile building blocks
and intermediates for the synthesis of the biologically active com-
pound synthesis.25 In 2010, it was reported that titanium(IV)
tetraiodide-promoted ring-opening reactions of 2-mono-substi-
tuted azetidin-3-ones 14 gave a-amino ketones 15 in good yields
with moderate to high regioselectivities (Table 2).26
On the other hand, reductive ring-opening reactions of 2,2-
disubstituted azetidin-3-ones 17 proceed at the more substituted
bond to give the a-amino ketones 19 as sole products (Scheme 16).
Regarding the different regioselectivity, two different pathways
are proposed including an SN2-like process by titanium(IV) tetraio-
dide or a one-electron transfer promoted by low-valent titanium
species. In the case of 2-mono-substituted azetidin-3-ones 14,
the reaction would prefer an SN2-like process rather than one elec-
tron transfer, because radical stabilization is more depressed as
compared with that of 2,2-disubstited cases. Initially, a-iodoketone
20 is generated via the ring-opening of azetidin-3-ones 14A or 14B
attacked by the iodide anion at the less hindered site and subse-
quently another iodide anion attacks to the iodine to generate
the titanium enolate species 21. Hydrolysis of the enolate 21 with
water to quench the reaction gives the a-amino ketone 15
(Scheme 17).
In the case of 2,2-dimethyl-azetidin-3-one 17a, it seems that an
electron-transfer reaction would play a signiﬁcant role
(Scheme 18). Initially, the disproportionation of TiI4 gives low-
valent titanium species. One-electron transfer to azetidin-3-one
17a at the C-3 position gives a radical intermediate 22. A ring-
opening reaction proceeds via a fragmentation at the NAC(2) or
NAC(4) bond. At this point, the fragmentation at the NAC(2) bond
is favored because of the electronically more stabilized 2,2-di-
methyl substitution. Further reduction of the intermediate leads
to the corresponding titanium enolate. Also, the homolysis of the
NAC(4) bond gives the less substituted enolate 24 (path A). Alter-
natively, the homolysis of the NAC(2) bond leads to the more
substituted enolate 26 (path B). In path A, the enolate 24 could re-
verse to the azetidine 17a via a re-cyclization under an equilib-
rium.27 However, path B may not involve such a cyclization
because of the steric hindrance. Finally, the more thermodynami-
cally stable enolate 26 would predominate. The enolate 26 is
hydrolyzed with water to give the a-amino ketone 19a.
Enolates prepared by the reduction of 2-mono- or 2,2-disubsti-
tuted azetidin-3-ones react with an aldehyde or an imine to afford




TiI4–TiX4 (X = Br or Cl) promoted ring-opening reaction of 2-mono-substituted
azetidin-3-ones
R X Temp Yield (%) 15:16
Me Br 78 C to rt 26 25:75
Et Br 78 C to rt 30 4:96
i-Pr Br 78 C to rt 56 0:100
i-Bu Br 20 to 10 C 90 16:84
Me Cl 0 C to rt 63 9:91
Et Cl 0 C to rt 78 4:96
i-Pr Cl 78 C to rt 84 0:100




TiI4-promoted ring-opening reaction of azetidin-3-one O-alkyloximes
R Yield (%)
31 32 15 16
Me 0 0 2 51
Et 0 0 1 35
i-Bu 0 0 0 28
I. Hachiya, M. Shimizu / Tetrahedron Letters 55 (2014) 2781–2788 2785straightforward access to 1,4-amino alcohols or diamines in a reg-
ioselective manner (Scheme 19).
In 2012, it was reported that the ring-opening of 2-mono-
substituted azetidin-3-ones at the more substituted bond occurred
with the combined use of titanium(IV) tetraiodide and tita-
nium(IV) tetrachloride or tetrabromide to give the a-amino ke-
tones in moderate to high yields with high regioselectivities
(Table 3).28
A proposed reaction mechanism is shown in Scheme 20. The
disproportionation of titanium(IV) tetraiodide and titanium(IV)
tetrachloride gives low-valent titanium species. A one-electron
transfer to 2-mono-substituted azetidin-3-one 14 at the C-3 posi-
tion gives a radical intermediate 27. The ring-opening reaction of
27 would proceed via a fragmentation at the NAC(2) bond to give
the more substituted titanium enolate 29, which is more stable
than the less substituted one, and the subsequent protonation with
water to quench the reaction would give the corresponding a-ami-
no ketone 15.
The reductive aldol reaction of azetidin-3-one with chloral is
carried out using titanium(IV) tetraiodide and titanium(IV) tetra-
chloride in the presence of Pd(O2CCF3)2 as a Lewis acid additive





Prins reaction of alkyne with benzaldehyde dimethylacetal: comparison of tita-
nium(IV) tetrahalide







Iodoaldol reaction with different aldehydes
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mono-substituted azetidin-3-one O-alkyloximes 30 proceeds at
the more hindered site to give a-amino ketones (Table 4). In every
reaction, a-amino ketones 15 and 16 are obtained instead of the
desired a-amino ketone O-alkyloximes 31 or 32 probably due to
the reductive cleavage of the NAO bond by titanium(IV) tetraio-
dide and subsequent hydrolysis with water to quench the reaction.
Although the yields are low to moderate, it is of interest that the
regioselectivity of the ring-opening reaction of 2-mono-substi-
tuted azetidin-3-one O-alkyloximes is different from that of the
parent 2-mono-substituted azetidin-3-ones 14.29
Iodination
Prins reaction
Vinyl iodides are the most useful intermediates for the synthe-
sis of multifunctionalized alkenes, which occur in biologically ac-
tive compounds, and are applied to the metal-catalyzed cross-
coupling and Nozaki–Hiyama–Kishi reactions as substrates.30 Iodi-
nations of simple alkenes or phenyl acetylene with titanium(IV)
tetraiodide give iodoalkanes and iodostylenes. On the other hand,
iodinations of 1-alkynes afford 2,2-diiodoalkanes (Scheme 22).31
Titanium(IV) tetraiodide and iodine promote Prins-type reac-
tion of acetals with alkenes to give 1,3-diiodopropopanes
(Scheme 23).31
Intramolecular Prins reaction promoted by titanium(IV) tetraio-
dide proceeds to give the iodo bicyclic product in high diastereose-
lectivity (Scheme 24).32
Aza-Prins reactions of the imino ester 33 promoted by tita-
nium(IV) tetraiodide and iodine with alkenes or alkynes proceed
to give c-iodo-a-amino acid esters (Scheme 25).33
In 2010, titanium(IV) tetraiodide-promoted tandem Prins reac-
tion of alkynes with acetals was reported. In the presence of tita-
nium(IV) tetraiodide, tandem Prins reactions of alkynes proceed
with acetals to give (Z,Z)-1,5-diodo-1,3,5-triarylpenta-1,4-dienes
in good yields, where an intriguing reversal of the stereoselectivity
is observed among titanium(IV) tetrahalides (Table 5).34
Iodoaldol reaction
Since the iodoaldol reactions using TiCl4/n-Bu4NI or TiI4 re-
ported by Tanigchi et al. in 1986 as shown in Scheme 26,35 several
iodoaldol reactions have been reported via b-iodoallenoate inter-
mediates from alkynyl ketones and esters with several metal io-
dides such as ZrCl4/n-Bu4NI,36 Et2AlI,37 MgI2,38 TMSI,39 BF3OEt2/
TMSI,40 CeCl37H2O/NaI,41 or GaI3.42 However, the diastereoselec-
tive iodoaldol reactions of internal alkynyl ketones have been lim-
ited to an intramolecular cyclization.43
In 2013, diastereoselective iodoaldol reaction of c-alkoxy-a,b-
alkynyl ketone derivatives promoted by titanium(IV) tetraiodide
was reported. Iodoaldol reactions of the c-diethoxy alkynyl ketoneScheme 24.34 with several aldehydes proceed to give the iodoaldol products
35 in moderate yields with high diastereoselectivities (Table 6).44
The iodoaldol reactions using c-methoxymethoxy alkynyl ke-
tones 36 as a c-monoalkoxyalkynyl ketone also work well. The
reaction of c-methoxymethoxy alkynyl aryl ketones affords the
iodoaldol products 37 in moderate to good yields with good to high
diastereoselectivities except in the case of 1-naphthaldehyde.
Although the reaction of c-methoxymethoxy alkynyl methyl ke-
tones proceeds, the iodo product 37 is obtained in low yield with
































































Iodoaldol reaction with different aldehydes
R2 R1 Yield (%) E/Z
Ph p-ClC6H4 72 75:25
Ph p-MeOC6H4 56 88:12
Ph p-MeC6H4 73 79:21
Ph 1-Naphthyl 31 56:44
Ph 2-Thienyl 33 85:15
Ph n-Pentyl 48 70:30
2-Thienyl Ph 74 75:25
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furans via the enynol intermediate. The Sonogashira coupling of
the iodo product E-38 with phenylacetylene in the presence of
[PdCl2(PPh3)2] and CuI proceeds to give the enynol 39 in 73% yield.
The cyclization reaction of enynol 39 with [PdCl2(PPh3)2] affordsfurans 40 and 41. The transformation of the iodo product E-42 di-
rectly produces the furan 43 (Scheme 27).
Ring-opening reaction of epoxides and cyclopropanes
Titanium(IV) tetraiodide promotes the ring-opening reaction of
epoxides and cyclopropanes to give iodinated products. The ring-
opening reaction of epoxide 44 with titanium(IV) tetraiodide gives
iodohydrin 45 in high yield (Scheme 28).45
The ring-opening reaction of 1-hydroxyspiro[5.2]cyclooct-4-en-
3-one 46 by titanium(IV) tetraiodide affords the iodoethylbenzoate
47 (Scheme 29).46
The reaction of gem-aryl-disubstituted methylenecyclopropane
48 with TiI4/diethyl azodicarboxylate gives the diiodo ring-opened
product 49 in high yield (Scheme 30).47
2-Iodopyridine synthesis
In 2009, it was reported that highly substituted 2-iodopyridines
51 were synthesized from 2-(2-cyanoalk-1-enyl)-b-keto esters 50
under the inﬂuence of titanium(IV) tetraiodide that worked efﬁ-
ciently for iodination–cyclization (Table 8).48
The present iodination–cyclization reaction most probably pro-
ceeds as shown in Scheme 31. The titanium intermediate 52would
be formed via a nucleophilic addition of iodide anion to a cyano
group. Subsequent intramolecular cyclization of this species 52
would give a titanium alkoxide intermediate 53, which would un-
dergo aromatization via elimination of titanium oxide to give 2-
iodopyridine 51.
2788 I. Hachiya, M. Shimizu / Tetrahedron Letters 55 (2014) 2781–2788Conclusion
This digest describes several attractive reactions utilizing
chemoselective reductions and iodinations using titanium(IV)
tetraiodide. Although reducing ability of iodide anion is well-
known, titanium(IV) tetraiodide promotes not only chemoselective
reduction but also reductively generates enolates or aza-enolates,
which react with aldehydes, acetals, and imines to give useful syn-
thetic intermediates. On the other hand, titanium(IV) tetraiodide
also promotes iodination reactions to give iodinated products.
These iodination reactions will be applied to the synthesis of bio-
logically active compounds and functional materials because
iodinated products synthesized from unsaturated compounds can
be transformed into multi-functionalized compounds using transi-
tion metal catalyzed coupling and Nozaki–Hiyama–Kishi reactions.
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